Abstract: Gauged U (1) Lµ−Lτ model can provide for additional contributions to the muon anomalous magnetic moment by means of a loop involving the Z gauge boson. However, the parameter space of such models is severely constrained if one combines the latest muon (g − 2) data with various neutrino experiments such as, neutrino trident production, ν − e and ν − q elastic scattering, etc. In a supersymmetric U (1) Lµ−Lτ model, a larger region of parameter space opens up, thus enabling one to explore otherwise forbidden regions of parameter space in non-supersymmetric models. We show that the minimal model with the MSSM field content is strongly disfavored from Z-boson decay and neutrino data. We also show that the non-minimal model with two extra singlet superfields can lead to correct neutrino masses and mixing involving both tree level and one-loop contributions. We find that, in this model, both muon (g − 2) and neutrino data may be simultaneously explained in a parameter region consistent with experimental observations.
Introduction
The Standard Model (SM) of particle physics is a successful theory. However, it does not seem to be a complete one: it cannot explain the neutrino masses and mixing pattern. Neither can it explain the 3.6σ discrepancy between the SM prediction of anomalous magnetic moment and its experimental value [1] [2] [3] [4] . In order to explain neutrino mass pattern and mixing [5] and muon anomalous magnetic moment, among other issues, one needs to look for physics beyond the SM. One of the famous extensions of the SM is its minimal supersymmetric extension, popularly called MSSM [6, 7] . However, MSSM with R-parity conservation cannot explain the non-zero tiny masses of the neutrinos and their non-trivial mixing pattern as observed in experiments involving solar, atmospheric, accelerator and reactor neutrinos. A possible solution to explain the results coming from neutrino experiments is to extend the MSSM with additional singlet neutrino superfields giving rise to tiny neutrino masses through Type-I seesaw mechanism.
An intrinsically supersymmetric way of generating small neutrino mass pattern and mixing is to introduce R-parity violation (For a review, see, for example Ref [8] ). Another way of extending MSSM is to enlarge the gauge group structure and a simplest possibility is to augment the SM gauge group with an additional U (1) symmetry. Out of several models available in the literature, a very interesting U (1) extension is gauged U (1) Lµ−Lτ extension of the SM. It was first studied in the three-generation minimal standard model of quarks and leptons in the absence of right-handed neutrinos [9, 10] . The contribution of the extra gauge boson Z of this model to the muon anomalous magnetic dipole moment was studied in Ref. [11] . Neutrino mass pattern and mixing angles in this class of models, with suitable field content, were discussed in Ref. [12] . The authors have also discussed signatures of this model in high energy colliders alongside an analysis of muon (g − 2).
A detailed fit to electroweak data was performed in Ref. [13] in order to identify the allowed ranges of the mass of Z and its mixing with the SM Z boson. The authors also studied this model in the context of neutrino mass model building. Constraints on the mass and the coupling of the new gauge boson have been derived from neutrino trident production in [14] . Dark matter candidates in this class of models and associated physics have been discussed in [15] [16] [17] [18] . The possibility of detecting the gauge boson (assuming its mass in the range MeV-GeV) of U (1) Lµ−Lτ symmetry at the Belle-II experiment has been discussed in Ref. [20, 21] . In addition, constraints on such a light gauge boson have been imposed from neutrino beam experiments [21] and lepton flavor violating τ decays [22] . Constraints on gauged L µ − L τ models have been derived from rare Kaon decays [23] . Higgs boson flavor violating decays have been studied in [24, 25] . Some recent anomalies involving B-meson decays have been addressed in [15, 24, 26, 27] . Neutrino masses and mixing have been studied very recently in a U (1) Lµ−Lτ symmetric model with additional scalars and vector-like leptons [28] .
Supersymmetry is still one of the most attractive possibilities for physics beyond the standard model and the minimal supersymmetric standard model (MSSM) is a phenomenologically viable model, which has been studied extensively in the light of various experi-mental observations.
In the gauged U (1) Lµ−Lτ model, non-zero neutrino masses can be obtained at the oneloop level with the introduction of additional scalar fields. Additional scalar fields are required for spontaneously breaking the U (1) Lµ−Lτ gauge symmetry. However, new scalar fields introduce new hierarchy problem and a possible solution is provided by embedding these models in a supersymmetric framework. As soon as one has a SUSY version of U (1) Lµ−Lτ model, new contributions to neutrino masses are available already at the tree level and it is tempting to see whether such a scenario can explain the results from neutrino oscillation experiments.
Supersymmetric version of U (1) Lµ−Lτ was studied earlier in [29] where the authors focused mainly on obtaining a leptophilic dark matter candidate in order to explain the PAMELA and AMS-02 results. However, our objective is to see how non-zero neutrino masses and non-trivial mixing pattern can be achieved in this kind of a set up along with a prediction for muon (g − 2) consistent with experimental observations. The idea here is to first look at the possibility of a model with minimal field content, study it in detail and then point out the drawbacks, if any, of such a model to explain the experimental observations. Next we want to address all these issues in a model with non-minimal field content.
The plan of the paper is as follows. In section 2 we shall describe the minimal model and discuss its essential features. The constraints on the parameters of the minimal model will also be presented. The non-minimal model will be introduced in section 3 and the scalar sector of the model will be studied. Sections 4 will be devoted to the fermionic sector of this model and the neutralino mass matrix will be presented. We shall show how mixing of the neutrinos with the neutralinos along with the mixing involving the singlet fermions can generate tiny masses for the neutrinos. The mixing of the light neutrinos will be studied in detail in this section. Muon anomalous magnetic moment (g − 2) µ will be studied in section 5. A detailed numerical analysis and allowed regions of the parameter space will be presented. Our conclusions and future directions will be presented in section 6. Analytical expressions for the scalar mass matrices and the chargino mass matrix for the non-minimal model have been included in the appendix.
The minimal model
The chiral superfield content of the minimal model is that of MSSM with the gauge group Here the lepton flavor indices are explicitly written for each individual flavor. We have considered baryon number parity so that λ ijk U c i D c j D c k is not allowed. The presence of U (1) Lµ−Lτ symmetry makes the Yukawa matrix for the lepton sector flavor diagonal. The gauge symmetries alone dictate the pattern or non-zero elements of the couplings for lepton number violating terms as follows: λ 212 , λ 122 , λ 313 and λ 133 = 0 (2.2)
The above superpotential has an accidental global symmetry: U (1) Lµ+Lτ . Soft SUSY breaking terms for this model are as follows:
One can explicitly check that even after addition of the above soft SUSY breaking terms, the model still has the U (1) Lµ+Lτ symmetry. Without going into the details of calculations, we can make some comments based on symmetries. The electroweak symmetry is spontaneously broken by the vacuum expectation values (vevs) of the two Higgs fields H u and H d . In addition, if the sneutrino fieldsν µ andν τ acquire non-zero vevs then both the U (1) Lµ−Lτ and U (1) Lµ+Lτ are broken down spontaneously to nothing. Thus we have two massless Goldstone bosons one of which makes the U (1) Lµ−Lτ gauge boson massive and the other one, the Majoron, exists in the spectrum of particles. This Majoron is a CP-odd particle and the physical spectrum also has a very light CP-even scalar partner to the CP-odd massless Majoron. Hence, such a scenario is excluded as the Z-boson decay into the Majoron and its CP-even scalar partner has not been observed experimentally. We must study the scalar sector in some detail to see this explicitly.
Scalar sector
As the U (1) Le symmetry is explicitly broken, we cannot distinguish betweenL e andĤ d superfields because all of their quantum numbers are the same. In principle the scalar components of bothL e andĤ d get non-zero VEVs. We use the above freedom of indistinguishability to choose a basis where only one of them gets non-zero VEV. In our subsequent discussion we shall work in a basis where the vev of the electron sneutrinoν e is rotated away.
The total scalar potential is given by
where V F is calculated from 2.1 using,
and
where D a = √ 2g a φ * T a φ and V sof t is the scalar part of 2.5. In supersymmetric gauged U (1) Lµ−Lτ model the gauge kinetic term mixing affects the gauge fields, the gauginos as well as the auxiliary fields D Y and D X , where X = L µ − L τ . The auxiliary fields can be written, using their equations of motion, as
where Y i and Q i X are the charges of the scalar fields φ i corresponding to U (1) Y and U (1) Lµ−Lτ gauge symmetry, respectively. The couplings g X and g m are gauge couplings associated with U (1) Lµ−Lτ and that generated via kinetic mixing, respectively.
The contributions of the neutral scalar fields to the scalar potential is as follows:
dν e + h.c.
We assume that only the neutral scalar fields H u , H d ,ν µ andν τ acquire non-zero vacuum expectation values (vevs) while minimizing the scalar potential and the vevs are
The minimization equations are
The vacuum expectation values are such that
2.2 Case of both v µ and v τ = 0
If we demand that both v µ and v τ are non-zero, then we have two corresponding massless Goldstone bosons in the spectrum. There is always a Golstone boson arising because of non-zero vevs of the Higgs fields, H u and H d . Two of these three Goldstone bosons can be eaten up by the neutral gauge bosons Z and Z . The remaining massless CP-odd Majoron is a physical particle and hence experimentally ruled out from the non-observation of such particles in the decay of the Z boson. We can understand this even better if we calculate the CP-even and CP-odd neutral scalar mass-squared matrices for these scenarios.
Scalar mass matrices
We can calculate the CP-even and CP-odd neutral scalar mass-squared matrices from the CP-even and CP-odd neutral scalar potential, using
CP-even scalar mass matrix in the basis (h u , h d ,ν e ,ν µ ,ν τ ), is given by
CP-odd scalar mass matrix in the basis (h u , h d ,ν e ,ν µ ,ν τ ), is given by
When both v µ and v τ are non-zero then Eqs.(2.13) and (2.14) give us
This gives two massless Goldstone bosons from the CP-odd mass matrix as discussed earlier.
In addition, the diagonalization of the upper 3 × 3 block gives another massless Goldstone boson which is absorbed by the Z-boson. Let us now consider the CP-even scalar squared-masses by calculating the eigenvalues of the matrix in Eq.(2.18). It is straightforward to check that the eigenvector
corresponds to a zero eigenvalue of M 2 even . This means that at the tree level there exists a massless CP-even scalar, ρ. However, ρ gains a small mass O( v 2 µ + v 2 τ ) when radiative corrections are incorporated since it is not a goldstone boson. The non-observation of the Z-boson decay Z → Majoron + ρ in experiments rules out the minimal model described above.
Mass mixing between Z and Z bosons
Although we have already seen that this scenario is ruled out, let us also check how the Z and Z bosons mix in this model for the sake of completeness. Because of gauge kinetic term mixing in this model, the covariant derivative is written as
where the relevant Lagrangian has been written in a canonically normalized basis [33] .
Here Q x is the U (1) Lµ−Lτ charge and can be obtained from Table 1 . A factor of 1 2 has been introduced as a convention.
Mass matrix of the neutral gauge bosons can be obtained from the following terms 27) where ||χ|| 2 = χ † χ for any vector. Let us define
where tan θ W = g /g. One can explicitly see that there is no mass term for the A µ field; mass terms for the fields Z µ and B µ are as follows
where
The real and symmetric matrix can be diagonalized by the following matrix cos ζ sin ζ − sin ζ cos ζ , (2.30)
and the physical massive neutral gauge bosons are
On the other hand, the problem related to the massless Majoron discussed above can be ameliorated if only one of the two sneutrinos, namely,ν µ andν τ acquires vev. In this case we have two possibilities:
In both these cases there is no massless Majoron in the physical spectrum and either of these two scenarios are equally viable. Forν κ (κ = µ or τ ) the minimization equation is as follows (assuming all parameters to be real)
where Q κ is the U (1) Lµ−Lτ charges corresponding toν µ andν τ .
From Eq.2.35 we get (for v κ = 0)
In the pseudoscalar mass matrix, all the off-diagonal entries of the column and row corresponding to the fieldν κ are zero and the diagonal entry is nothing butm 2 νκν * κ (see, Eq.2.23). Thus if we demand v κ = 0, which in turn implies that the condition of Eq.2.36 must be true, then there exists a corresponding massless pseudoscalar state as discussed in section 2.3. This massless pseudoscalar is eaten up by the neutral gauge field corresponding to U (1) Lµ−Lτ gauge symmetry. In addition, there is a Goldstone boson that gives mass to the Z boson. Thus there is no massless Majoron present in the physical spectrum of this model.
Failure of the minimal model
We have seen in the previous section that the models of Type-A [Eq. where means non-zero entries. Note that neutrino mass matrix has one less non-zero entry compared to the charged lepton mass matrix because of the Majorana nature of the neutrinos. With the above textures of these mass matrices, the resulting PMNS matrix will not be able to reproduce the correct pattern of neutrino mixing as observed in different neutrino experiments. Thus these two models with minimal field content are ruled out in the light of neutrino experimental data.
The non-minimal model
We have seen that the minimal model is not phenomenologically attractive. The source of this problem was essentially the fact that there is either an accidental U(1) Lµ+Lτ which is broken along with U (1) Lµ−Lτ , or that there is a residual U(1) Lµ /U(1) Lτ that spoils the neutrino mass matrix texture. The solution is to have extra fields that are charged under U (1) Lµ−Lτ and couple to µ/τ and thus make sure that none of the U(1) Lµ+Lτ , U(1) Lµ or U(1) Lτ are symmetries of the theory. An additional benefit is the fact that now we have fields that are singlet under all SM gauged symmetries that can acquire vacuum expectation value to spontaneously break U (1) Lµ−Lτ . While there is no problem even if the sneutrinos do acquire VEV, we consider the situation where they do not. This has more to do with simplifying the calculation than with any technical glitches, although one could argue that this minimizes tree-level Z/Z mixing and dissociates U (1) Lµ−Lτ breaking from EWSB. To this end we have also taken g m = 0 in subsequent calculations. This ensures that there is no mixing between Z and Z at tree level and the mass of the new gauge boson is given simply by, The superpotential for the above choice of charges:
Here too we have considered baryon number parity as in the minimal model.
Free from gauge anomalies
Let us now discuss the conditions of anomaly cancellation [34] in this model.
1. It is not required to examine the anomaly condition involving all possible combinations of SU (3), SU (2) and U (1) Y because MSSM is anomaly free.
2. The anomaly cancellation condition for {SU (3), SU (3)} U (1) Lµ−Lτ satisfies as none of the colored particles are charged under U (1) Lµ−Lτ .
3. The SU (2) fields which are charged under U (1) Lµ−Lτ are L µ and L τ . As their charges are opposite to each-other the {SU (2), SU (2)} U (1) Lµ−Lτ anomaly cancellation condition is also satisfied.
Similarly the
Lµ−Lτ anomaly cancellation condition is also satisfied because U (1) Lµ−Lτ charges of L µ and E c µ are opposite to L τ and E c τ respectively.
One can check that the
6. The cubic anomaly for U (1) Lµ−Lτ :
7. And finally the mixed anomaly with gravity: It is also satisfied as trace of charges of fields for this new gauge group vanishes.
Thus all the gauge anomalies are cancelled out.
Vacua and scalar masses
We must consider the entire scalar potential of the model and minimize it to obtain the vacuum expectation values of the various fields. Just as in the case of minimal model, the total scalar potential is
where V F is calculated from 3.2 and V sof t comes from the soft SUSY breaking terms in the Lagrangian given by Equation 3.6.
V D is calculated in exactly the same way as for the minimal model (see Equation 2.9) apart from the fact that it includes contributions from two new scalar fields η andη.
The neutral scalar potential is,
It is used to calculate the scalar and pseudoscalar mass-squared matrices. Replacing the fields by (φ R + iφ I )/ √ 2 to separate out the CP-even and odd parts of the potential,
We can calculate the CP-even and CP-odd neutral scalar mass-squared matrices from 3.8 and 3.9 using 2.17.
Minimization of the Potential
At the minima of the potential all the first derivatives must vanish. The first derivatives thus give us a set of equations that we can plug in while calculating the second derivatives. The method is to first calculate the second derivatives of V even and V odd then replace the fields by their respective VEVs and the soft masses from the equations of minimization.
The minimization equations are,
where,
We have used the notation where t γ or t ξ means tan γ and tan ξ respectively, c β or s β means cos β and sin β respectively. Henceforth this notation will be used in all expressions.
More about the scalar mass squared matrices is discussed in Appendix A. Full analytic expressions for the non-zero eigenvalues of the scalar mass-squared matrices are too complicated to write down under any approximations. We have, however checked for a consistent parameter space that there are no tachyonic modes in the spectra. To get a consistent non-tachyonic spectra, we were required to restrict both µ η and B η in our formalism to negative sign. For almost the entire parameter space, the lightest CP-even Higgs has a tree level mass close to M Z and so at one-loop level it is possible to get a 125 GeV Higgs.
Neutralino and Neutrino Masses in the Non-Minimal Model
The Neutralino mass terms in the Lagrangian arise in this model in the basis
as,
and,
From this we can calculate the effective neutrino mass matrix [36] [37] [38] [39] 
Note that in this analysis we have taken both g m , the gauge coupling arising from kinetic mixing, and M 10 , the term corresponding to theBB term in L sof t , to be zero. Although the non-minimal model does not necessarily require these to be vanishing, under this approximation, not only is the neutrino mass matrix much more manageable, there is no Z-Z mixing at the tree level. Now we can write the effective neutrino mass matrix,
This matrix would resemble that obtained from bilinear R-Parity violation if the second terms inside the brackets of the lower (2 × 2) block were not there. That is, it would be a rank one matrix predicting two zero eigenvalues. This would mean that we would be unable to explain neutrino masses at the tree-level. In addition to this effective light Majorana neutrino mass matrix that is generated by the see-saw effect, we have contributions to neutrino mass at one-loop level arising from the R-parity violating couplings through the diagram in Fig.1 .
The contribution of this diagram is given by [40] ,
where we assume a left-right slepton mixing matrix of the form,
and M 2 p i are the slepton mass eigenvalues and m p the lepton mass eigenvalues. The index p denotes µ flavor when it takes the value 2 and τ when it is 3 for both sleptons and leptons.
Similar contribution from the quark-squark loop through the λ couplings are also present in our model along with those coming from the above lepton-slepton loop. The dominant contribution in this type of diagrams come from the bottom-sbottom pair. We can ignore this contribution to the one loop neutrino mass compared to the above contribution if we assume the soft SUSY breaking squark masses to be higher than a few TeV. For bounds on R-Parity violating couplings see for example Ref. [41] . The one-loop corrected neutrino mass matrix is,
This matrix may be diagonalized by a unitary matrix U such that, 
Mass Models and Possible Mixing Patterns
Current neutrino data favors slightly non-maximal atmospheric mixing and a non-zero θ 13 [4] . We find that, in our model, two very simple conditions,
leads to a mass matrix of the form,
which is the most general µ − τ exchange symmetric neutrino mass matrix. This matrix always predicts maximal atmospheric mixing and zero U e3 . It is with violation of the conditions 4.14 that we obtain mass matrices that satisfy neutrino oscillation data. We have not considered any CP-violation in our model, so δ CP = 0 for all subsequent calculations. Our modus operandi is to compare the mixing matrices obtained, with the matrix 4.13 and use,
to analyze how the mixing angles vary as we violate these conditions. We have quantified the deviation from the relations 4.14 by introducing two new parameters δy η and δt γ ,
These parameters are just the percentage deviation from the conditions in Equation 4.14. In Figure 2 we have plotted the variation of the mixing angles with deviation in the conditions on the Yukawa couplings, y η and yη (see 
Numerical Analysis
We have used Mathematica 11.1 for all the numerical analyses. For normal hierarchy of neutrino masses (NH) we found a large concentration of allowed parameter points in a region, 800 GeV < ML < 1 TeV , 400 GeV < M 1 , M 2 < 800 GeV, 200 GeV < µ < 300 GeV , 50 GeV < M 0 < 100 GeV, -1 TeV < µ η < -1.5 TeV , 700 GeV < M Z < 800 GeV, 0.4 < g X < 0.6 , 25 < tan β < 35,
10
−6 < y η , yη < 2 × 10 −6 , 7 × 10 −3 GeV < µ e < 10 −2 GeV, while a similar concentration for inverted hierarchy (IH) was found in the region, 550 GeV < ML < 750 GeV , 300 GeV < M 1 < 500 GeV,
Here ML stands for all the slepton soft SUSY breaking masses. The scanned range of M Z and g X is motivated from the restrictions laid down by the LHC data from the Z → 4µ channel [50, 51] , the observation of elastic neutrino nucleon scattering (CEνNS) by the COHERENT collaboration [52] [53] [54] and the observation of elastic scattering of solar neutrinos off electrons by Borexino [20, 55] . Apart from this the most stringent bounds on Sparticle masses [56, 57] were also applied along with the kinematic bounds from the combined LEP data [4] . Our neutrino data constitutes mostly of points where the lightest neutralino is at most 6 GeV lighter than the lightest chargino and hence evades much of the constrained parameter space. Both the conditions 4.14 were allowed to be violated upto 20% and we plot the points allowed by experimental data on a (δt γ -δy η ) plane in Figure 3 . The points satisfying neutrino oscillation data are plotted in red while the blue background represents regions where Muon g − 2 is satisfied 1 . Note that negative deviation in tan γ is preferred in both NH and IH from (g − 2) µ in these cases, that is, a value of t γ greater than unity. However, this analysis is not exhaustive and there may be other regions where neutrino oscillation data may be fitted. We have only taken up two representative interesting regions where we found both neutrino and muon (g − 2) data is satisfied simultaneously along with all the other experimental bounds as mentioned.
Anomalous Magnetic Moment
The magnetic moment of the muon is one of the most accurately measured physical quantities today with the final value [4] ,
which however does not agree with the theoretically predicted value from the Standard Model. The discrepancy,
is a ∼3.6σ deviation from the SM value. Given the accuracy of the g − 2 measurement and the evaluation of its standard model prediction, it is an ideal testing ground for any new physics model, like Supersymmetry(SUSY). Supersymmetry, even in its minimal model (MSSM) has been shown to provide sizeable contributions to g − 2 that are enough to explain its discrepancy from the SM prediction. The muon g − 2 data is also ideal to constrain certain parameters of the model, for example, the sign of the "µ-term" and the mass scale of the scalar and fermionic superpartners in the case of MSSM. There are two main components of the MSSM contribution to the muon g − 2: from the smuon-neutralino loop and from the chargino-sneutrino loop. When the mass scale of the superpartners are roughly of the scale M SU SY , this contribution is given by [58] [59] [60] ,
Our model, which has a Z boson coupling to the muon, can complement the SUSY contribution. This allows us to have a natural solution to the hierarchy problem and get a stable Higgs mass, while still explaining the anomalous magnetic moment of the muon.
Outline of the Calculation
In our model, we have non-trivial mixing between the smuons and other charged scalars, as well as the muons with other charged fermions. Otherwise the calculation is relatively straightforward and mimics that for the MSSM. Instead of the neutralino-smuon loop we consider the more general neutralino-charged scalar loops to allow for the mixing between smuons and other scalars. Similarly the chargino-sneutrino loop for the MSSM is expanded into a chargino-neutral scalar loop calculation. We have allowed the sign of the neutralino mass eigenvalues ( i ) and the chargino mass eigenvalues (η i ) to be either positive or negative. The real orthogonal diagonalizing matrices are suitably defined following the prescription in Appendix A of Ref. [61] .
Neutralino-Charged Scalar Loop
For this calculation we require the Neutralino mass matrix and the charged scalar mass matrix. In the basis (ν e , ν µ , ν τ , iB , iB, iW ,h 0 d ,h 0 u ,η,η), we can write the neutralino mass terms as, which is diagonalized by the matrix N,
The charged scalar mass matrix (M 2 S ± ) is written in the basis (
which includes a Goldstone mode. More about the charged scalar mass-squared matrix is discussed in Appendix A.3. Using these mixing matrices, the neutralino-charged scalar loop contribution to the muon (g − 2) was found to be [58] [59] [60] ,
In our case the external muons also mix with other charged fermions in the chargino mass matrix hence the expressions for the couplings (n L and n R ) will include appropriate elements from the chargino mixing matrices (V 44 and U * 44 respectively). The most general formulae are given here taking non-zero g m also. We took this to be zero in our numerical analysis. Figure 5 . Chargino-neutral scalar loop that contributes to muon (g − 2)
Chargino-Neutral Scalar Loop
In this part of the calculation we will require the chargino mass matrix and the neutral scalar and pseudoscalar mass-squared matrices. Defining,
the chargino mass terms in the Lagrangian may be written as,
where X is the chargino mass matrix. It can be diagonalized by two matrices U and V so that,
The chargino mass matrix is given and discussed in Appendix B. The neutral scalar masssquared matrix M 2 S 0 , given in Appendix A.1, is written in the basis (ν eR ,ν µR ,ν τ R , h 0 dR , h 0 uR , η R ,η R ) and is diagonalized so that,
Similarly the pseudoscalar mass-squared matrix M 2 P 0 from Appendix A.2 is written in the basis (ν eI ,ν µI ,ν τ I , h 0 dI , h 0 uI , η I ,η I ) and is diagonalized so that,
Using these mixing matrices we calculate the contribution of the chargino-neutral scalar loop to the muon (g − 2) [58] [59] [60] ,
with
Just as in the case of the neutralino-charged scalar loop, here too the external muons will mix with the other charged fermions and result in factors of V 44 and U * 44 in c L and c R respectively. In addition to the purely supersymmetric contribution to ∆a µ , Z -boson also adds an important part to the total muon magnetic moment. The contribution of U (1) Lµ−Lτ to muon g − 2 can be easily evaluated from the diagram in Figure 6 . It is given by [11] [12] [13] ,
Z Contribution
Here too, the external muons and those inside the loop will mix with other leptons and charginos as in the previous sections. This calculation assumes no Z-Z mixing at the tree level owing to the fact that g m is zero and the sneutrinos do not acquire any VEV.
Numerical Analysis
Any gauged U (1) Lµ−Lτ model is severely constrained by the process: neutrino trident production. That is, the production of µ + µ − pair from the scattering of a muon neutrino off heavy nuclei. The CHARM-II [48] and CCFR [49] collaborations found reasonable agreement of observed cross section for this process to its SM prediction:
Thus it severely constrains the allowed parameter space for any new neutral gauge boson.
In particular, when coupled with the restrictions laid down by the LHC data from the Z → 4µ channel [50, 51] , the observation of elastic neutrino nucleon scattering (CEνNS) by the COHERENT collaboration [52] [53] [54] and the observation of elastic scattering of solar neutrinos by Borexino [20, 55] , almost the entire parameter space relevant to muon g − 2 is ruled out. However, the situation of the SUSY version is not so bleak when it comes to resolution of muon g−2 through an extra force. In our model the total contribution to muon (g − 2) from the two supersymmetric processes when added to that from the Z loop allows for a much more liberal parameter space. We plot the region allowed by current (g − 2) µ data in (M Z -g X ) plane for two different scenarios in figure 7 . The green shaded region shows the allowed parameter space in our model while the solid red shaded region shows that for a gauged U (1) Lµ−Lτ model where SUSY plays no part. The dashed lines lay down the various exclusion limits from the different experiments. The red dashed line is for the Borexino experiment of elastic scattering of solar neutrinos, the purple dashed line is from the data for elastic neutrino nucleon scattering from the COHERENT collaboration [55] . The constraint from the neutrino trident observation by CCFR is shown in dashed black lines [14] . The exclusion limit from the LHC data of the process Z → 4µ is shown in blue dashed lines [14, 50, 51] . Figure 7 (a) corresponds to Mμ L =Mμ R =500 GeV, M 0 =70 GeV, M 1 =400 GeV, M 2 =800 GeV, µ= 400 GeV and tan β=35. Figure 7 (b) corresponds to Mμ L =Mμ R =935 GeV, M 0 =100 GeV, M 1 =450 GeV, M 2 =650 GeV, µ=400 GeV and tan β=33.5. The rest of the SUSY parameters have been chosen judiciously for either plots: tan γ=1.1, µ e =0.008, µ η =-3 TeV, y η /yη=3 ×10 −6 and the RPV λ couplings fixed at 10 −4 . The two plots were chosen to represent two different regions with differing magnitudes of the SUSY contribution to muon (g − 2). [14] , the Borexino and COHERENT exclusion regions from Ref [55] and both the SUSY and Z contributions are by themselves insufficient to explain the anomalous magnetic moment of muon. It is very clear from these plots that large regions of the (M Z −g X ) plane open up in terms of (g −2) µ while the non-SUSY U (1) Lµ−Lτ models are already almost ruled out. More importantly, as we increase the SUSY contribution, the allowed region fills up the unconstrained parameter space. In a second analysis we have plotted the (g − 2) µ against the physical masses of the lightest neutralino and chargino and the slepton soft SUSY-breaking mass in figure 8 . The SUSY parameters that affect our analysis were scanned randomly in the region, 100 GeV < ML < 2 TeV , 100 GeV < M 1 , M 2 , µ < 2 TeV, 1 GeV < M Z < 1.5 TeV , 0.01 < g X < 1,
100 GeV < B, B e < 2 TeV , 10 < tan β < 50.
The conditions of y η −yη equality and t γ = 1 were allowed to be violated by upto 20 percent and the RPV couplings were allowed to run from 10 −4 to 5 × 10 −4 . The most stringent bounds on the sparticles from the latest datasets were applied along with the model independent kinematic constraints on the sparticle masses from the combined result of the four LEP collaborations, just as it was done for all previous analyses. The corresponding region Figure 8 . ∆a µ plotted against lightest neutralino and chargino masses, along with left-handed slepton soft mass. 2σ allowed region for ∆a µ is shown between dashed lines. The region shaded yellow is the allowed region from MSSM, it has been taken from Ref [62] allowed in the MSSM and constrained only by LEP data is shown shaded yellow in the same plots [62] . We find that the Z contribution and the SUSY contribution complement each other so that we can have heavier sparticle masses than we could in the MSSM while still explaining (g − 2) µ . The approximate non-decoupling behavior that is observed is due to the extra contribution coming from Z loop. We have separately checked that the SUSY contribution alone shows the typical decoupling behavior as expected. However, it still allows for a heavier particle spectra than can be afforded in pure MSSM. We have shown the data considering the most stringent sparticle limits [4, 56, 57] . This comes from the 3l final state searches at LHC in chargino-neutralino pair production with slepton mediated decays. We have also obtained similar datasets considering more relaxed bounds, the 2l final state searches and just the LEP bounds. They show a similar feature where we can satisfy muon (g − 2) for heavier sparticle masses compared to the MSSM.
Conclusion
We began with an attempt to explore whether gauged U (1) Lµ−Lτ extended SUSY could help improve the current situation when it comes to neutrino oscillation data and muon anomalous magnetic moment given the current experimental bounds on SUSY itself. The minimal model with the MSSM field content required the sneutrinos to acquire non-zero vacuum expectation values so that the gauged U (1) Lµ−Lτ is spontaneously broken. This lead to two different problems: firstly, when both the sneutrinos charged under the new gauged symmetry acquired VEV the model suffered from the Majoron problem wherein we had a massless CP-odd scalar and its light CP-even partner which could couple to the Z-Boson. Secondly, even when only one of the sneutrinos acquired VEV we found the neutrino mass matrix had a texture that was impossible to fit to current oscillation data. Hence the minimal model was ruled out and the non-minimal model adopted. Now, there are two extra fields that are singlets under all other gauge symmetries except U (1) Lµ−Lτ and acquire VEV to spontaneously break the symmetry instead of the sneutrinos. This allowed us to avoid the Majoron problem altogether. We found extremely intriguing results when it came to neutrino mixing. Under two very simple assumptions, the model resulted in the most µ − τ symmetric mass matrix. These conditions were that the two new fields acquire VEVs of equal magnitude and sign, and that the two new Yukawa couplings be equal. Of course, this mass matrix yielded maximal atmospheric mixing and a zero θ 13 which is ruled out by current data. So we parametrized deviations from this exact mixing pattern with two parameters for the two conditions and this allowed us to obtain multiple regions where the correct neutrino oscillation could be explained. Deviation in the Yukawa coupling equality complemented that in the equality of VEVs in the sense that the former alone is insufficient to fit neutrino data but is often necessary in conjunction with the latter.
In parallel, we conducted a numerical analysis of the muon anomalous magnetic moment in our model. A scan over the entire parameter space shows that we can explain the observed magnetic moment of muon for much larger values of the sparticle masses as compared to the MSSM. We also observe an intriguing non-decoupling behavior in the plots of ∆a µ vs sparticle masses owing to the presence of the Z boson which can make up for any fall in the SUSY contribution with heavier sparticle masses. Decoupling is still observed, as expected, if we do not consider the Z contribution. Finally we combine both of these analyses to show two representative regions of the parameter space in Figure 3 where neutrino oscillation data may be reconciled with muon magnetic moment measurements. It is possible to fit neutrino oscillation data with both normal and inverted hierarchy of the masses. On the plot showing these regions we superpose the regions explaining (g − 2) µ , which further restricts the parameter space in both cases. Still, it is possible to obtain a parameter space where the model explains neutrino oscillation data along with muon anomalous magnetic moment.
Some interesting signatures for this model at the LHC would be the three or more leptons plus missing energy final state, involving supersymmetric particles in the intermediate states. For example, pp→μ +μ− Z /ν µν * µ Z /ν µμ + Z processes can lead to multilepton final states along with E T . In addition, contributions to multilepton final states (with or without E T ) involving SM particles and Z can also be present. A detailed analysis with all possible final states requires a dedicated study altogether which we plan to take up in a future work.
A.2 CP-Odd Mass Squared Matrix
The CP-odd mass square matrix is constructed by taking second derivatives according to 2.17 in the basis (ν eI ,ν µI ,ν τ I , h 0 dI , h 0 uI , η I ,η I ). The symmetric matrix is given by, Again, all the parameters are as defined for the minimization equations. There are two exactly zero eigenvalues of this mass matrix that correspond to the two goldstone modes arising from the spontaneous breaking of the gauge symmetries to U(1) em . The corresponding matrix in the MSSM has just one zero eigenvalue. The extra goldstone mode corresponds to the breaking of U (1) Lµ−Lτ and gives mass to the Z Boson.
A.3 Charged Scalar Mass-Squared Matrix
The charged scalar mass square matrix is calculated from the total potential 3.5 using 2.17 in the basis u + = (h + u , h
The respective terms may be written down as,
where, M 2 S ± = B ± +M 2 ± (A.9) 
with X t = A − µ tan β,l Li = Q i χ M 2 Z c 2γ + (
Z c 2β . This matrix has one exact zero eigenvalue, as expected, that gives mass to the W ± gauge bosons.
B Chargino Mass Matrix
The mass terms in the Lagrangian corresponding to charged fermions can be written as such that,
In order to diagonalize the mass matrix X we need two matrices, one that transforms ψ − (U ) and another that transforms ψ + (V ) so that,
The matrices U and V diagonalize the matrices XX T and X T X respectively. The charged leptons e, µ and τ also enter our chargino mass matrix and, in general, mix with the wino and higgsino. However, this mixing is extremely weak and hence the relevant mixing matrix elements in the calculations maybe taken to be unity. It is for this reason that they also do not enter into our neutrino mass matrix calculation.
